Purpose: The aim of this study was to identify the risk factors that are predictive of poor outcomes in penetrating globe trauma. 
Introduction
Open-globe injuries (OGIs), defined as full-thickness penetration of the eye wall, 1 are devastating due to the sudden and wide-ranging nature of the trauma. 2 As the leading cause of visual loss for working-aged individuals, the cost of OGIs to the patient and society is considerable, not only because of medical suffering and expenditures, but also due to lifelong loss of productivity. 3 Many studies have been conducted to evaluate the factors that are associated with poor prognosis in patients with OGI. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] This information helps physicians to make important management decisions and counsel patients on realistic expectations of visual rehabilitation. However, these studies report different prognostic factors, as shown in Table 1 .
The data are cumbersome to sort through and difficult to apply to an individual patient's case. In this study, we assessed the factors that can be determined at presentation. We examined how ocular trauma score (OTS), preoperative best-corrected visual acuity (pre-op BCVA), and zone of injury (ZOI) affect both visual acuity (VA) and surgical rehabilitation outcomes. Furthermore, we evaluated the effect of delay in wound repair on visual outcome. Finally, we assessed the effect of these risk factors on the rate of enucleation.
A retrospective chart review was conducted on 103 consecutive eyes that had been surgically treated for OGI from 2007 to 2010 at the eye clinic of the University of Virginia (UVA) in Charlottesville, VA, USA. The study was approved by the Institutional Review Board of the University of Virginia (HSR#17326). This protocol was granted a waiver of patient consent under 45CFR46.116. Demographic and clinical data from the initial examination, primary repair, office visits, and additional surgeries were recorded in a database. The demographic and clinical data included the following: age, sex, time of injury, mechanism of injury, initial examination, open-globe repair surgical findings, follow-up examinations, surgical procedures, and outcomes. When data were missing in a particular category, the patient was excluded from the analysis. The records of 103 patients who were admitted with OGI between 2007 and 2010 were reviewed, and 64 patients were included in the analysis. A total of 39 patients with 6 months of follow-up, incomplete medical records, or a history of previous ocular injury to the same eye were excluded from the study.
risk factors assessed
Four risk factors (pre-op BCVA, OTS, ZOI, and time lapse [TL] between injury and primary repair) were identified for investigation.
There were 22 distinct preoperative and final Snellen VAs that were recorded. These VAs were ranked in order of severity, and then a number 1-22 was assigned to each VA for statistical analysis. The VA ranking system is detailed in Table 2 .
When possible, OTS was calculated based on the information recorded from the examination at presentation and the primary surgery, as described by Kuhn et al, 12 where OTSs in category 1 were the most severely injured eyes and category 5 were the least injured. The method of calculating OTS is summarized in Table 3 . 
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Predictors of poor outcomes in open-globe injuries ZOI was determined from the data recorded during the primary surgery according to "A System for Classifying Mechanical Injuries of the Eye". 20 Zone I was recorded for breaks in the globe limited to the cornea. Zone II injuries involved the anterior section of the sclera, that is within 5 mm of the corneoscleral limbus. Zone III injuries also involved the sclera, but extended >5mm posterior to the corneoscleral limbus. When there was no precise record of how posteriorly a scleral wound extended, "zone II or III" was elected.
TL was calculated using the time and dates recorded for the OGI and primary repair on the emergency department note and the surgical note, respectively.
Outcomes assessed
Three outcomes (final BCVA, monthly rate of additional surgeries [MRAS] , and enucleation) were identified for the analysis. Final BCVA was determined from the last follow-up examination of the eye at the time of chart review in August 2014. MRAS was calculated by dividing the total number of ocular surgeries the patient underwent for the OGI by the number of months of follow-up.
Data were analyzed via univariate and multivariate Spearman's rank correlations and univariate and multivariate logistic regression.
Results
The patient population included in the study was mostly male (78.1%). The mean age was 41.8±22 years (range: 3-88 years).
The types of injuries from most to least common were laceration (27/64; 42.2%), rupture (23/64; 35.9%), penetrating injury (10/64; 15.6%), perforating injury (3/64; 4.7%), and intraocular foreign body (1/64; 1.6%). The most common mechanisms of injury were: fall (11/64; 17%), metal nail (11/64; 17%), projectile (10/64; 16%), assault (7/64; 11%), motor vehicle collision (6/64; 9%), BB/pellet gun (6/64; 9%), blade (5/64; 8%), wood (4/64; 6%), blunt impact (2/64; 3%), glass (1/64; 2%), and opening of surgical wound (1/64; 2%).
The majority of the patients sustained severe ocular injury with OTSs of 1 (27.8%) or 2 (35.2%). Approximately onethird of the patients had an OTS of 3 (22.2%) or 4 (13.0%). Only one patient (1.9%) had an OTS of 5. Furthermore, prerepair VA was hand motion or worse for more than two-thirds of the patients. The injuries were split almost evenly between zone I (46.9%) and zone II or III (53.1%).
The median TL between injury and primary repair was 8.9 hours (range: 2.7-111.4 hours). A total of six patients (12%) underwent primary repair 1 day after their OGI occurred. The average duration of the primary repair was 2.4 hours (range: 0.3-7.3 hours).
The average number of surgeries per patient, including the initial open-globe repair, was 2.5 (range: 1-7). A majority of the patients (75%) required an additional surgery after primary repair. Seven patients (10.3%) ultimately underwent enucleation. The median follow-up time was 19.3 months (range: 6.1-89.8 months). There were a total of 1,314 follow-up visits, averaging 20.5 per patient.
There were a total of six patients in this study who presented with NLP presurgical repair vision and who had at least 6 months of follow-up and a final BCVA recorded. All of these patients underwent primary repair in an attempt to salvage the eye. Three out of the six patients (50%) eventually underwent enucleation. One patient had five total surgeries before the eye was enucleated. One-third of these patients regained some sight (one to hand motion and one to light perception), as shown in Table 4 . 
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Page et al Pre-op BCVA was positively associated with MRAS, final BCVA, and enucleation. Calculated OTS was negatively associated with the outcome variables. No association was found between the predictor variables TL and ZOI with the outcome variables. Age-adjusted associations between preoperative risk factors and postoperative outcomes are summarized in Table 5 .
Further, age and predictor variable-adjusted analyses showed pre-op BCVA to be independently positively associated with MRAS (P=0.008) and with final BCVA (P0.001). However, calculated OTS was independently negatively associated with final BCVA (P0.001), but not uniquely associated with MRAS (P=0.530).
Discussion
The aftermath of an OGI can be arduous. In this study, patients sustained up to seven total surgeries on the eye, up to 87 follow-up appointments in 3-4 years post-injury, and the overall VA outcome for the eye was often still poor. One out of ten patients eventually developed a blind, painful eye and required enucleation. It is vital for the physician to be able to look at certain indicators prior to or during the primary repair that will provide accurate information about the likelihood of visual recovery. In this study, we evaluated how pre-op BCVA, OTS, ZOI, and TL between injury and repair predicted outcomes for patients who sustained OGI, specifically final BCVA, additional surgeries, and enucleation.
Many studies have determined that poor presurgical repair VA predicts poor final VA for patients with OGI. 4, 6, 7, 13, 14, 17 This study also showed that patients with poor pre-op BCVA were more likely to have a poor final VA, to require more additional surgeries, and to undergo enucleation. Under multivariate analysis, this factor was independently associated with visual and surgical prognosis.
However, the accurate determination of VA in an eye injury case in the emergency department is quite challenging; in some cases, the patient may not be fully cooperative, even if he/she is neurologically stable. Furthermore, the distorted anatomy of the globe, periocular structures, and the orbit may mislead even an experienced examiner; periocular hemorrhages and edema in addition to profuse tearing also add to the difficulty.
Often in ophthalmologic studies, the logarithm of the minimum angle of resolution (logMAR) equivalent of the snellen chart is utilized for analysis of visual acuities. This is because the logMAR scale is continuous, allowing for easier calculations. Since there is no logMAR equivalent for NLP, we ranked the VAs from best to worst in order to analyze the data. Other studies on ocular trauma have ranked VAs as well. In their study on preoperative variables that affect final vision outcome for zone III injuries, Agrawal et al 4 divided VA into five groups. Ranking the VAs instead of using a continuous scale such as logMAR limits our ability to analyze VA outcomes accurately.
OTS was defined by Kuhn et al 12 in order to simplify the process of predicting visual prognosis for patients with OGI. It uses variables at presentation, such as presenting VA, type of injury, and the presence of retinal detachment, endophthalmitis, and afferent pupillary defect to determine the likelihood of different final VAs. This study revealed that calculated OTS was associated with VA prognosis. The lower the OTS, the more severe the injury was, and the worse the visual outcome became. This study adds to the evidence in the literature that the OTS predicts VA outcome. 7, 12, 13, 18 In some studies, zone III injuries, defined as extending 5 mm posterior to the corneoscleral limbus, have been shown to have statistically poorer prognosis than other OGIs due to their extent past the pars plana into the posterior segment of the eye where structures such as the retina and choroid are more likely to be damaged. 4, 5, 8 In our cohort, no association was found between ZOI and the outcome variables. However, this could be due to this study's inability to distinguish OGIs with true posterior involvement. Zones II and III were grouped for analysis because a minority of surgical records did not state the scleral extension of the wound.
There was no difference in outcome based on TL between injury and primary repair in our series. The range of time to surgery in this study was 2.7-111.4 hours (interquartile 
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Predictors of poor outcomes in open-globe injuries range: 7.4-17.8 hours), and 88% of our cohort underwent repair within 1 day of their OGI. Therefore, it is possible that the range of our data was not great enough to detect a difference in outcomes between patients who underwent primary repair, early or delayed. In a larger study of 669 patients with OGI in India, TL between the injury and surgery was found to adversely impact the visual outcome. 20 Since other studies have reported that a delay in primary wound closure is a risk factor for endophthalmitis 21 and sympathetic ophthalmia, 22 prompt surgical repair is still recommended. Our finding, however, offers hope to cases where a patient presents late after an ocular injury. While these patients' risk for rare complications is increased, their overall VA in the absence of infection or sympathetic ophthalmia may remain unchanged. We chose to limit the chart review for this study from 2007 until 2010 for multiple reasons. At this institution, 2007 was the first year that charts were consistently available in the electronic medical record. Analyzing patients with injuries up until December 31, 2010, allowed for substantial follow-up time. Because this study only spanned 4 years, our patient population size was limited. The retrospective nature of this study further limits the interpretation of our results as the calculation of OTS and interpretation of ZOI were not performed when the patient presented with the OGI. Instead, they were retrospectively obtained from the emergency department and primary surgical repair notes.
The physical and psychological impact following a severe eye injury is difficult to quantify. It is generally accepted today that primary surgical closure of an open globe should be undertaken no matter how extensive the injury is and how doubtful the visual recovery may be, because of the assumption that any patient who enters the operating room with a traumatized eye anticipates recovery. For example, Savar et al 15 have concluded that it is reasonable to follow patients with NLP after OGI instead of attempting primary enucleation and advocate for attempted primary repair whenever possible, citing the psychological consequences to enucleation and the relatively low risk of sympathetic ophthalmia (0.3% in their series of 660 OGIs). Alternatively, the psychological impact of losing an eye after multiple clinic visits and additional surgeries may be quite traumatic as well. In addition, in the setting of today's cost-conscious medical practice, the price of undergoing multiple surgeries and clinic visits before eventual loss of the eye should be taken into account. More research and discussion on this topic are warranted.
Like many other previous reports, this study reveals that conventional clinical features are not reliable enough to decide on the primary enucleation of massively damaged globes at the time of initial admission. In the future, it is possible that imaging modalities such as magnetic resonance imaging (MRI) may provide impartial findings that the traumatized eye is left without any visual potential. New MRI methodologies, principally the advanced applications of functional MRI (fMRI), open new possibilities for this technology to be utilized in clinical ophthalmology. For example, proton MRI can be used noninvasively to generate a T1-weighted image of the eye in both hyperoxic and hypercapnic inhalation challenge to measure the inner retinal oxygen response. 23 This response is likely to be abnormal if the retina is poorly perfused because of retinal pathology. fMRI has been used to study pathologies such as retinal degeneration, diabetic retinopathy, and glaucoma in rodent models. 24, 25 Furthermore, it has proven to be feasible to study human retinas with blood-oxygenation-level-dependent MRI and blood flow MRI. 26 This imaging modality has never been used for OGIs, and there are many challenges currently for its general use, including cost. However, with advances in fMRI methodology in the future, this technology may allow for more reliable prediction of prognosis in eyes with OGI than is currently possible today.
Conclusion
In OGI, a poor pre-op BCVA is associated with poorer VA outcomes, more additional surgeries, and a higher rate of enucleation. A lower OTS signifies a more significant injury and is predictive of a worse VA outcome. ZOI and TL between injury and repairs are not predictive of outcomes. Like other reports, however, this study revealed that conventional clinical features are not reliable enough to determine the course of treatment assuredly, particularly to decide on the primary enucleation of massively damaged globes at the time of initial admission. A more objective judgment of this sort may come from advanced applications of fMRI, which are promising to open new avenues in clinical ophthalmology.
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